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ABSTRACT

Scale formed during slab reheating can be difficult to remove by high-pressure descaling, having a negative impact hot roll
surface quality. A large-capacity thermogravimetric apparatus that replicates the combustion atmosphere and temperature in a
slab reheat furnace was used to investigate scale formation on 430 stainless steel. Effects of reheating parameters
(temperature, time and atmosphere) on oxidation kinetics were investigated. Oxidized samples were characterized by
scanning electron microscopy, Raman spectroscopy and x-ray diffraction to document the microstructure and morphology of
scale. Mechanisms for the formation of multi-layered oxide structures that complicate oxidation kinetics and scale removal
are discussed.
Keywords: transfer bar, oxidation kinetics, scale structure, oxide phases
INTRODUCTION
During continuous castings, reheating, and hot rolling, slab surfaces are exposed to atmospheres containing oxidizing gases,
which results in scale formation. The scale formation is affected by a combination of intrinsic (steel grade, microstructure,
segregation, grain boundary, surface roughness) and extrinsic (gas atmosphere, temperature, exposure time, mechanical and
thermal stress) factors. The combination of these factors provides conditions for the formation and evolution of oxide
multilayers with different chemical, physical, mechanical properties, surface topology, adhesion strength, porosity and
thicknesses. Depending on the combination of these factors, the scale that is formed can be adherent to slab surface and
difficult to remove or easily removed during descaling [1-2]. In some cases, intermediate slab surface grinding and/or water
jet descaling are used to obtain a clean hot rolled product surface.
Scale formation during oxidation is a complex phenomenon which has still not been fully characterized even after numerous
studies in the last decades [3-8]. Scale formation in steelmaking begins during continuous casting but it is predominant in the
reheat furnace prior to hot rolling. The structures and properties of scale formed in the reheat furnace have been reported to
have a significant dependence on the furnace atmosphere [3, 8]. In the case of stainless steel, several studies have been
conducted on the type of scale formed on both ferritic [9-13] and austenitic [14-16] steels. Ferritic steels which have high Cr
content have been reported to exhibit resistance to oxidation due to the formation of a Cr2O3 protective film [14-16]. The
effect of temperature and atmosphere on scale formation on a ferritic stainless steel grade has been reported [15] to influence
the formation of complex scale structures consisting of multiple oxide layers.
The objective of the current research is to study scale formation on 430 ferritic stainless steel under laboratory simulated
industrial reheating conditions.
EXPERIMENTAL PROCEDURE
Samples used for this work were 430 stainless steel supplied by industry (Table 1). The two steel chemistries varied in Al
content (high and low).
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Table 1. Composition of samples used in this work (wt. %).
Cr

Al

C

Si

Cu

Ni

Mn

High Al

16

0.210

0.04

0.5

0.25

0.2

0.4

Low Al

16

0.005

0.04

0.4

0.25

0.2

0.4

The samples were supplied in the form of as-cast slabs (Condition 1) and transfer bars (Condition 2). Initial scale
characterization was conducted on the as-cast slab (Condition 1a) to analyze the scale structure formed during continuous
casting and on transfer bar after hot roughing (Conditions 2a) to analyze the scale which remained on the reheated slab and
hot rolled transfer bar after descaling. Specifically, the transfer bar used in this study was industrially reheated at 1150oC for
2 hours in the soaking zone of a walking beam furnace prior to hot rolling. This bar was subjected to primary and secondary
descaling during reversing hot rolling to the transfer bar thickness. The goal of the initial characterization was to document
the evolution of industrial scale formation after casting, hot rolling and descaling. Specimens for this study, 50x20x3.5 mm,
were carefully machined from the near-surface region of the as-cast slab and transfer bar. The initial scale was studied in
cross sections (Condition 1a and 2a). To preserve oxidized layer, specimens were coated by epoxy before cutting.
To simulate industrial scale formation in the laboratory, the second set of specimens with the same dimensions was prepared
from the as-cast slab. The sample 1b had one as-cast surface and one pre-machined surface, while samples 1c and 1d were
machined on both surfaces. The samples 2b and 2c that were taken from transfer bar all had machined surfaces. The premachined surfaces of these specimens were milled to the depth of 2-5 mm below the oxidized layer and the specimens were
ground with a 60 grit silicon carbide wheel to obtain smooth surfaces. To prevent rusting prior to testing, surfaces were
preserved by immersion in ethanol.
To study the oxidation kinetics, thermo-gravimetric oxidation experiments were performed using a vertical MoSi2 resistanceheating tube furnace (Model D900438 ATS Inc.). A high-purity alumina tube with an internal diameter of 53 mm and the
tube base sealed with gas-tight cap was used as the reaction chamber (Fig. 1). The top of the reaction tube was insulated with
a 52 mm diameter high temperature ceramic fiber tube cap, with a center opening of 10 mm diameter just large enough to
enable a 1 mm diameter wire to pass through it without touching the walls. This configuration was sufficient with the gas
flowrates employed to prevent air ingress. A +/-1 microgram precision microbalance with a bottom hook which allowed
specimens to be suspended in the furnace reaction chamber on a nichrome wire was used to monitor the specimen weight.
The specimen was suspended inside a catch basket to collect any spalled scale during oxidation. The atmosphere of the
industrial reheating furnace was simulated in the lab by mixing gases in proportions that reproduced the natural gas
combustion atmosphere in an industrial furnace at a partner company. The composition gas mixture was controlled using a
multi-channel mass flow control system and a controlled temperature water saturation system. Excess oxygen levels of 3 and
5 vol. % were chosen for the testing based on observed industrial reheat furnace operating conditions. The incoming gas
stream and actual specimen temperature were controlled based on parameters optimized in preliminary calibration and
verification experiments.
Industrial reheating temperature and atmosphere conditions were simulated in these experiments. The lab furnace was
preheated and stabilized at the desired test temperature (1150oC). The gas mixture was allowed to run through the preheated
furnace for 30 minutes at a flow rate of 500 ml/min prior to the actual oxidation experiment to equilibrate the furnace
atmosphere. Weight gain of the specimen was continuously recorded during the oxidation experiment which typically lasted
for 2 hours. Upon completion of the oxidation experiment, the specimen was cooled to room temperature in a continuously
flowing argon atmosphere to prevent further oxidation. Sample weights were recorded after oxidation, including the weight
of any spalled scale in the catch basket. The test conditions are described in Table 2.
A 3D optical profiler (Nanovea, Model PS50 Micro Photonic Inc.) was used to characterize topology and roughness of the
as-formed scale surfaces. The samples were then mounted in epoxy, sectioned, ground using silicon carbide abrasive papers
to 1200 grit and mechanically polished with 0.1 μm diamond paste for metallographic analysis. The morphology, thickness,
microstructure, and chemistry of the oxide layers were analyzed with a scanning electron microscopy (SEM) using an
ASPEX-PIXA 1020 system equipped energy dispersive spectroscopy (EDS). Raman spectroscopy and XRD analysis was
also used to identify the oxide phases that were present.
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Simulated combustion gas atmosphere

Argon cooling box
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Gas mixer

Figure. 1 TGA experimental setup.
Table 2. Test conditions
Condition
1a-cast slab
1b-cast slab
1c-cast slab
1d-cast slab
2a-transfer bar
2b-transfer bar
2c-transfer bar

Chemistry
description
Low Al
Low Al
Low Al
Low Al
Low Al
High Al
Low Al

Surface
condition
as-cast
as-cast
ground
ground
as supplied
ground
ground

Atmosphere
3% O2
3% O2
5% O2
3% O2
3% O2

Combustions gas vol. %
No-reheating
8CO2,73N2,16H2O, 3O2
8CO2,73N2,16H2O, 3O2
7CO2,73N2,14H2O, 5O2
No-reheating
8CO2,73N2,16H2O, 3O2
8CO2,73N2,16H2O, 3O2

Temperature, oC

1150

RESULTS
Industrial Scale evolution from as-cast to hot rolled conditions
The sample used for the as-cast industrial scale characterization (condition 1a) was a low in Al 430 ferritic stainless steel. The
overall thickness of the scale layer on the as-cast sample was around 80 µm. Fig 2a highlights the structure and Fig. 2b
illustrates the chemistry of the scale formed on the as-cast slab prior to industrial reheating. A complicated scale structure
with 4 different layers was observed. This scale structure was strongly attached to the metal substrate and only a few internal
cracks between the layers were observed. The outermost scale had a thick external layer, A, which had a high Ca content,
which could be an indication of mold powder residue. Ca was also observed in the deep inner layer, C, and was also detected
in the subsurface layer D. The chemistry of the outer layer, A, had traces of iron oxide with high Si and Ca, the next layer B
was iron oxide with some Cr, and near substrate layers C and D were a mixture of iron oxide with high Cr and traces of Ca
and Si. Raman spectroscopy on the scale structure revealed Fe2O3, Fe3O4, and Fe2SiO4 as oxide phases in layer A, Fe3O4 in
layer B, and Fe2SiO4 and FeCr2O4 in layers C and D (Fig 3).
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(a)

(b)

Fig. 2 Industrial oxide scale structure of 430 stainless steel as-cast slab: (a) BSE image with outlined layers in scale and (b)
EDX analysis chemistry of oxide layers.

Fig. 3 Raman spectroscopy of 430 stainless steel industrial as-cast scale structure, indicating oxide phases present in the
various scale layers.
The scale on the industrial hot rolled and descaled transfer bar (condition 2a) was significantly different from the scale
observed on the as-cast slab. The average scale thickness on the transfer bar sample was 60 µm. Fig. 4 illustrates the structure
and chemistry of the scale formed after reheating that survived on the transfer bar after descaling. The scale had a fine dense
grain structure in the outer layer, larger grains in the intermediate layer, and fine compacted grains in the subsurface. The
scale which remained after descaling was strongly attached to the metal substrate. Oxide phases present in the scale structure
were identified to be Fe3O4, Fe2SiO4 and FeCr2O4.
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Fig. 4 BSE image of scale structure with EDX analysis of industrial scale on transfer bar (reheated, hot rolled, and descaled).
Oxidation Kinetics in Simulated Reheating Furnace
To better understand the observed evolution of scale from as-cast slab to transfer bar, laboratory tests were performed under
controlled oxidation conditions (Table 2). These tests were performed for 2 hours at 1150oC in a combustion gas atmosphere
with two different excess oxygen levels. Fig. 5 and Fig. 6 show the oxidation weight gains vs. time for the oxidation
conditions listed in Table 2. The oxidation behavior for the as-cast vs. mechanically ground surfaces of low Al 430 stainless
steel in a 3% oxygen combustion gas atmosphere are compared in Fig 5a (conditions 1b vs 1c). The oxidation rate was
higher for the as-cast surface and the weight gain curve exhibited a nonlinear shape compared to a closely linear shape for the
ground surface condition.
The effect of different combustion atmospheres (3% vs. 5% oxygen, conditions 1c vs 1d) is shown in Fig. 5b. The oxygen
content did not affect the initial growth rate of oxidation. However, the specimen tested at the higher oxygen level displayed
a lower oxidation rate at longer times. The higher oxygen level promoted a more nonlinear oxidation behavior, while
atmosphere with less oxygen promoted a more linear oxidation rate trend towards the end of the oxidation period. The
observed oxygen level dependence is unexpected, and mechanisms responsible for the observed oxidation behavior will be
discussed in the following section of this paper.

(a)

(b)

Fig. 5, Oxidation kinetics of low Al 430 stainless steel (as-cast slabs) measured by TGA isothermal heating: (a) as-cast
(condition 1b) vs. pre-machined (condition 1c) surface condition in combustion gas with 3% oxygen and (b) effect of oxygen
in combustion atmosphere for ground surface condition (conditions 1c (3% O2) and 1d (5% O2) from Table 2.
To study the effects of high vs. low Al steel chemistry on its oxidation behavior of 430 stainless, machined specimens were
taken from the transfer bars (condition 2b and 2c, Table 2). These tests were performed with a 3% excess oxygen
atmosphere. The overall oxidation rate was observed to be higher for the low Al specimen. A nonlinear oxidation rate was
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observed in both steels (Fig. 6). The weight change vs. time did not follow simple linear, parabolic or combined growth laws.
The high Al specimen also exhibited longer initial delay before the onset of oxidation.

Fig. 6, Oxidation rate of 430 stainless steel with different Al in transfer bars (conditions 2b vs 2c, Table 2).
DISCUSSION
Effect of Surface Conditions: As-cast vs. Ground
Optical microscopy, SEM and optical surface profiling were employed initially to examine and document the scale structure.
Fig. 7 shows a typical analysis for the as-cast low Al 430 stainless steel specimen - condition 1c from Table 2. This specimen
exhibited significant scale detachment from the substrate during the test. Two different scale layers were observed: one
identified as the outer detached (top pictures in Fig. 7) and one as the intermediate attached (bottom pictures) oxide layer .
The external layer exhibited a coarse dense grain structure with a surface roughness depth of +/- 200 µm, while the
intermediate layer had a fine surface structure with roughness depth of +/- 125 µm.

Fig. 7 Surface structure of low Al 430 stainless steel sample (condition 1c, Table 2).
Examination of this specimen in cross-section revealed a complex scale structure which exhibited distinct outer, intermediate,
inner, and subsurface layers. The average thickness of the oxide layer was measured to be 850 µm, with the outer,
intermediate and inner layers representing up to 95% of the scale thickness (815 µm). The subsurface layer was only 20-40
µm thick. These layers contained different chemistries and oxide phases (Fig. 8). The outer, intermediate, and partially inner
scale layers were detached from the subsurface scale layer that was attached to the steel. The outer layer structure was

© 2020 by the Association for Iron & Steel Technology.

1131

characterized by dense scale layer with chemistry containing iron oxide with traces of Mn and Cr. The intermediate layer had
round shaped porosity coupled with elongated micro-cracks. The chemistry and oxide phases in the intermediate layer was
predominantly chromite, while the inner layer contained a chromite phase with impurities of Ni and Cu, and a fayalite phase
that was rich in Si. The subsurface layer was strongly attached to the metal substrate and had a mixture of oxide grains in the
metal matrix. Two different chromite layers were observed in the subsurface, high Cr with traces of Si and low Cr with high
Si content. Raman spectroscopy analysis of oxides presents in the different multi-scale layers are presented in Fig. 9 and
Table 3.

Fig. 8 Scale (condition 1c, Table 2) in cross section showing the multi-layer oxide structure.

Fig. 9 Raman spectroscopy of oxide phases in specimen 1c from Table 2.
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Table 3. Summary of the oxide phases present in the different scale layers (condition 1c, Table 2).
Oxide layer

Oxide phases

Outer layer

Fe2O3, Fe3O4

Intermediate

Fe3O4, FeCr2O4, Fe2SiO4

Inner

Fe2SiO4 + FeCr2O4

Subsurface

Fe3O4, FeCr2O4, Fe2SiO4

Fig. 10 presents the scale structure for the low Al steel reheated with the as-cast surface and Fig. 11 compares subsurface
structure for reheated as-cast and ground surface. Comparing the subsurface layers for the two different oxidation conditions
(1b vs 1c) revealed different chemistries in the subsurface area. Sample condition 1c (ground surface) contained chromite
with two different Si levels while condition 1b (surface with as-cast scale) revealed the presence of Ca in the sublayer. The
subsurface chemistry of condition 1b implies that mold flux interacted with the subsurface layer early in the oxidation
process, possibly while it was still in the caster or at early times in the reheat furnace. There was a significant change in the
thickness of the subsurface layer for these two conditions. The steel with as-cast surface (1b condition) had a subsurface
thickness between 80-110 µm which was 3 times thicker than that of ground surface layer thickness, 1c (20-40 µm).

Fig. 10 Scale (condition 1a and 1b, Table 2) in cross section, showing different multi-layer oxide structure in as-cast
condition and after re-heating.

Fig. 11 Subsurface structure of re-heated low Al steel as-cast steel with as-cast vs surface ground
(conditions 1b vs 1c, Table 2)
Effect of combustion atmosphere
Samples used in this comparison were taken from surface ground as-cast slabs (condition 1c with 3% excess oxygen and
condition 1d with 5% excess oxygen, Fig. 12). These conditions showed a significant difference in oxidation behavior.
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Surprisingly, the sample oxidized with 3% excess oxygen exhibited a higher oxidation rate than the sample oxidized with 5%
excess oxygen. Two entirely different scale structures were observed in these samples. The scale structure formed in
atmosphere with 3% oxygen was highly delaminated and exhibited significant detachment near the metal-oxide interface.
This scale detachment may have resulted from internal stress or void formation from differences in the density between the
growing oxide layers or from void formation during diffusion controlled growth of the scale layer. Scale delamination and
detachment can accelerate scale growth by allowing gas phase diffusion or mass transport to the oxide/metal interface as
opposed to solid state diffusion through a dense scale layer. In contrast, no or little detachment was observed near the scalemetal interface in steel oxidized in 5% oxygen atmosphere. This scale in this region had a dense structure that likely acts as a
solid state diffusion barrier to control the scale growth, resulting in the slower growth rate observed in this experiment. The
different scale structures can result in different rate controlling mechanisms for scale growth. In particular, a solid state or gas
phase diffusion controlled mechanism would lead to the more parabolic-like growth (Fig. 5b) observed at higher oxygen
potential, whereas gas phase convective mass transfer may dominate the scale growth when oxide detachment occurs,
resulting in a linear growth rate. Some kinetics mechanisms responsible for this behavior have been discussed in review
articles by Chen, et.al.[17-18]. The reasons why the 3% excess oxygen condition results in scale separation at the oxide
metal interface and the 5% excess oxygen condition does not is still not clear at this time.

Fig. 12. Oxide scale structure of as cast low Al 430 steel oxidized in a combustion gas atmosphere with 3% and 5% oxygen
at 1150oC (condition 1c and 1d, Table 2).
Effect of Al
Samples used in this test were taken from transfer bars having two different Al levels (low and high, Table 1) using samples
with machined surfaces (condition 2b and 2c). Tests were performed in a simulated combustion atmosphere with 3% excess
oxygen. TGA analysis showed a higher oxidation rate in low Al steel (Fig. 6). A 1 mm thickness oxide layer was developed
on the low Al steel with its subsurface layer chemistry consisting of Fe3O4, FeCr2O4, Fe2SiO4 (Fig. 13). The scale thickness
was less than that observed for the high Al steel and the presence of Al was observed in the subsurface layer chemistry. The
presence of alumina in the subsurface could possibly provide an additional barrier to oxidation [16]. This could explain the
lower oxidation rate observed for the high Al 430 stainless steel.
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Fig. 13. Oxide scale structure of low and high Al 430 steel oxidized in a combustion atmosphere with 3% oxygen at 1150oC
(condition 2b and 52c, Table 2).
A theoretical investigation of scale formation on reheated multi-component 430 class stainless steel is planned in future work,
considering equilibrium thermodynamic conditions at different oxide layers coupled with diffusion kinetics. Complicated
oxide morphologies (detachment, cracks, porosity, different densities of formed phases) make it difficult to accurately predict
the overall oxidation rate. However, simulations of thermodynamic equilibrium conditions at different incremental oxygen
potentials can be used to predict the expected oxide phases through the thickness of a multi-layered scale structure. This
process was simulated by adding progressively increasing amount of oxygen into the gas-steel system using FactSage v7.2
software (Fig. 14). Assuming equilibrium conditions at each incremental level of oxygen potential, the equilibrium oxide
phases that were predicted to form at each step were identified. In the high Al 430 steel at 11500C aluminum containing
oxides (alumina and mullite) were predicted to be stable in the subsurface layer at low oxygen levels. The intermediate layers
at higher oxygen levels were predicted to contain Cr and Si oxides with Mn (complex spinel and chromite), and finally outer
layer was predicted to consist of a mixture of different Fe oxides. These predictions compare favorably with compositional
analysis of the scales observed in this study.

Fig. 14 Thermodynamic simulation (FactSage software) of the sequence of formation of different phases in multi- layered
oxide formed in high-Al 430 stainless steel grade.
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CONCLUSION
Scale formation on 430 stainless steel in a simulated combustion gas atmosphere and on as-supplied industrial slab and
transfer bar samples have been characterized. The scale contained multiple layers with different chemistries and oxide
phases. Characterization of industrial formed scale revealed the presence of mold flux residue on scale observed on as-cast
slabs prior to reheating, having a thickness of about 80 µm, while the scale observed on transfer bars which had been
subjected to hot rolling and descaling had a scale thickness of about 60 µm The surface condition of the 430 stainless steel
samples used in the laboratory oxidation experiment was observed to have a significant effect on the thickness of the scale
formed, particularly in the subsurface region near the scale-oxide interface. In this work, it was observed that changes in
excess oxygen level and 430 steel chemistry both have a significant effect on scale formation in the reheat furnace. When the
excess oxygen level in the combustion gas was varied, a change in the oxidation rate, scale structure, and scale growth
behavior was observed. The addition of Al to 430 stainless steel resulted in a decreased oxidation rate and a change in
subsurface oxide layer chemistry. Thermodynamic simulations were used to predict the phases formed in the multilayered
scale structure. These predictions were in reasonable agreement with experimental observations.
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